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Summary
Objective: To assess the reliability and accuracy of manual and semi-automated segmentation methods for quantifying knee cartilage
thickness. This study employed both manual and LiveWire-based semi-automated segmentation methods, ex vivo and in vivo, to measure
tibiofemoral (TF) cartilage thickness.
Methods: The articular cartilage of a cadaver knee and a healthy volunteer’s knee were segmented manually and with LiveWire from multiple
3 T MR images. The cadaver specimen’s cartilage thickness was also evaluated with a 3D laser scanner, which was assumed to be the gold
standard. Thickness measurements were made within speciﬁc cartilage regions. The reliability of each segmentation method was assessed
both ex vivo and in vivo, and accuracy was assessed ex vivo by comparing segmentation results to those obtained with laser scanning.
Results: The cadaver specimen thickness measurements showed mean coefﬁcients of variation (CVs) of 4.16%, 3.02%, and 1.59%, when
evaluated with manual segmentation, LiveWire segmentation, and laser scanning, respectively. The cadaver specimen showed mean abso-
lute errors versus laser scanning of 4.07% and 7.46% for manual and LiveWire segmentation, respectively. In vivo thickness measurements
showed mean CVs of 2.71% and 3.65% when segmented manually and with LiveWire, respectively.
Conclusions: Manual segmentation, LiveWire segmentation, and laser scanning are repeatable methods for quantifying knee cartilage thick-
ness; however, the measurements are technique-dependent. Ex vivo, the manual segmentation error was distributed around the laser scan-
ning mean, while LiveWire consistently underestimated laser scanning by 8.9%. Although LiveWire offers repeatability and decreased
segmentation time, manual segmentation more closely approximates true cartilage thickness, particularly in cartilage contact regions.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Osteoarthritis (OA) of the tibiofemoral (TF) joint is marked
by distinct changes in cartilage volume and thickness1e13.
In vivo methods that accurately track these initial changes
are crucial for documenting the onset and progression of
OA. Quantitative magnetic resonance imaging (qMRI) has
shown promise for assessing changes in cartilage
morphometry, and may prove to be a valuable measure
for OA progression2,7,9,14e16.
qMRI requires accurate, reliable, and efﬁcient cartilage
segmentation techniques. Bothmanual and semi-automated
segmentation approaches have been developed2,17e23.
While manual segmentation allows full user control, it is
user-dependent, tedious, and time-consuming. Semi-
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1167prone to segmentation errors because they may miss local-
ized features of cartilage damage, and do not function well in
regions of poor contrast. Some studies have shown semi-
automated segmentation techniques to be more reliable
than manual methods21; despite these ﬁndings, some com-
mercial segmentation companies, including Chondrometrics
GmbH (CHM), have returned from semi-automated methods
to manual segmentation2,24e27. Despite recent attempts28
and the use of cartilage-sensitive MRI sequences, a fully
automated cartilage segmentation technique remains
elusive due to the limited contrast between the cartilage
and adjacent tissues. Various pulse sequences, such as
the double-echo steady state (DESS), and the use of
contrast agents have been added to scanning protocols in
an effort to improve cartilage contrast. Each method has
theoretical and practical trade-offs29,30, and no sequence
or protocol has shown unequivocal superiority.
There are several semi-automated segmentation algo-
rithms, the most common of which uses active contours,
or ‘‘snakes’’20,21,31e33. With this method, the user plants
‘‘seed points’’ near cartilage interfaces, and cartilage
boundaries are ﬁt to those surfaces based on image
contrast differences. Because active contours rely upon
1168 M. E. Bowers et al.: LiveWire segmentation of knee cartilagegradient descents, they are prone to instabilities, errors, and
the selection of local minima, particularly in regions of low
contrast and local defects34,35. Because of these limitations,
an approach that directly follows cartilage edges may be
advantageous. One such approach is ‘‘LiveWire,’’ which
uses localized image intensity to directly map cartilage
boundaries23,36,37. With this approach, the user initiates
a contour with the cursor, which then ‘‘snaps’’ to the optimal
boundary closest to the current cursor position. To continue
the segmentation, the user merely moves the cursor in the
general vicinity of the cartilage boundary, and the LiveWire
algorithm selects the appropriate edge. Although semi-
automated, it is less likely to get trapped in local minima
than active snakes or other approaches. In a cadaver study
of the patellofemoral (PF) joint, the accuracy of a LiveWire
segmentation approach for measuring cartilage volume
was within 97.8% of the true volume, with inter- and intra-
operator coefﬁcients of variation (CVs) of 3.0% and 0.4%,
respectively23. For the present study, the LiveWire algo-
rithm was adapted for segmentation of the TF joint.
While many studies have examined the use of qMRI for
tracking overall changes in cartilage volume and thick-
ness8,12,38,39, only a few have deﬁned speciﬁc regions of
interest (ROIs) within segmented cartilage for morphologi-
cal evaluation9,31,40,41. The identiﬁcation of speciﬁc ROIs
allows investigators to focus on primary load-bearing
regions, where thickness changes are most signiﬁcant,
while excluding regions that are not affected and may miti-
gate these changes. For longitudinal studies, ROIs must be
deﬁned such that they can be reproducibly identiﬁed at
each time point.
The objectives of this study were to develop and imple-
ment a LiveWire-based segmentation method to quantify
TF articular cartilage thickness, and to compare measure-
ments to those obtained with manual segmentation. The
speciﬁc aims were: (1) to evaluate the reliability of TF carti-
lage thickness measurements using the LiveWire and man-
ual segmentation approaches both ex vivo and in vivo, and
(2) to assess the accuracy of TF cartilage thickness mea-
surements ex vivo by comparing LiveWire and manual
segmentation approaches to laser scanning, a reference
standard.Materials and methodsMRIAll images (14 total scans: seven of one cadaver, and seven of one sub-
ject) were acquired on a 3 T system (Siemens Trio; Erlangen, Germany) us-
ing a commercially available polarized knee coil. MR images were acquired
using the T1-weighted water-excitation three-dimensional fast low-angle shot
(WE-3D FLASH) sequence: repetition time, 20 ms; echo time, 7.6 ms; ﬂip
angle, 12; ﬁeld of view, 160 mm; in-plane resolution, 0.3125 mm; slice thick-
ness/interslice gap, 1.5 mm/0 mm; slices per slab, 80; matrix, 512 512;
phase-encoding, right-to-left; number of averages, one.MANUAL SEGMENTATIONThe femoral and tibial articular cartilage structures of each specimen were
manually segmented in the sagittal plane by a single experienced investiga-
tor, and reconstructed using commercial software (Mimics 9.11; Materialize,
Ann Arbor, MI, USA). 3D voxel models were generated and wrapped with
a triangular mesh to create a virtual solid model of each cartilage structure.
The solid models captured both articular cartilage volume and morphology.Fig. 1. Schematic representation of the laser scanning method.
Each bone, with and without articular cartilage, was scanned fromLIVEWIRE SEGMENTATION20 different views. Each view is represented as a dot in this ﬁgure.
The views were then merged to create 3D models, from which
a cartilage model was extracted.The femoral and tibial cartilage structures from each scan of each knee
were also segmented using LiveWire. For this application, the LiveWire algo-
rithm was adapted to work in concert with manual segmentation, such thatthe user could override the semi-automated method in regions where carti-
lage boundaries were not clear. The resulting contours were exported as
point clouds that were used to generate closed-surface (solid) models for
each structure. The solid models were constructed by wrapping a triangular
surface mesh to the 3D point cloud42.
Both the manual and LiveWire segmentations were completed indepen-
dently by an experienced user who was trained by a musculoskeletal radiol-
ogist. The resulting 3D models were used to make cartilage thickness
measurements.LASER SCANNINGThe accuracy of each segmentation technique was assessed on a ca-
daver specimen using a 3D laser scanner to obtain the true cartilage mor-
phometry (ShapeGrabber PLM Series; Vitana Corp, Ottawa, Ontario). The
laser scanner employed a high-resolution scan head (SG-1000). The resolu-
tion along the scanning direction was 100 mm, and the depth resolution was
5 mm. For each bone that was scanned, all soft tissues, except the articular
cartilage, were ﬁrst removed. Laser scans from 20 different views of each
bone were taken to fully image the cartilage surfaces, with sufﬁcient overlap
for subsequent reconstruction (Fig. 1). Six dry wall screws were inserted into
each bone to provide additional reference landmarks to facilitate the registra-
tion of different views. The articulating end of each bone was regularly
bathed in physiological saline to prevent soft tissues from drying. After one
set of scans was completed, the cartilage was dissolved from the bone by
immersing the articulating surface in 5.25% sodium hypochlorite solution
(Cloroxª bleach) for 4 h. The bone was then rescanned using the same
protocol. After scanning, the laser data were smoothed by treating each
scan as a two-dimensional function (horizontal and vertical directions as
the x- and y-axes; depth as the z-axis), and smoothing the function using
a two-dimensional Gaussian kernel. The 20 scans were then merged to con-
struct the contours of the cartilage and bone surfaces31. The two surfaces
were then superimposed to obtain a laser scan model of each cartilage struc-
ture. The reliability of the laser scanning method was determined to create
a baseline for comparison of the previously described segmentation tech-
niques. For the purpose of this study, the resulting 3D models were consid-
ered the gold standard for comparison to the 3D models generated from the
cartilage segmentation algorithms.CARTILAGE THICKNESSTF cartilage thickness measurements were performed on speciﬁc load-
bearing ROIs31,41. A distinct notch marking the junction between the TF
and PF joints on the lateral femoral condyle was identiﬁed on the ﬁrst sagittal
MR image in which it appeared [Fig. 2(a)]. The bone-cartilage interface of the
Fig. 2. Determination of cartilage ROIs for thickness measurements. ROIs were selected to represent load-bearing regions of TF articular car-
tilage. Portions of this ﬁgure adapted from a previous manuscript with permission41.
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drawn from the notch (0) to the center of the cylinder. Each femoral condyle
was then divided at 40, 70, 100, and 130 from the notch point toward the
posterior aspect of the femur to create six femoral ROIs [three medial (M1:
40e70), (M2: 70e100), (M3: 100e130); and three lateral: (L1: 40e70),
(L2: 70e100), (L3: 100e130)] [Fig. 2(b) and (c)]. Each ROI’s
medialelateral width was 20% of the overall medialelateral width of the fem-
oral cartilage, and each ROI was centered about the midline of its respective
condyle [Fig. 2(c)].
Two tibial ROIs [one medial (MT) and one lateral (LT)] were deﬁned on the
cartilage regions of the 3D model resulting from segmentation. The centroid
of each compartment was calculated with MATLAB (The Mathworks, Inc.,
Natick, MA, USA). The inertial axes of the medial compartment were also
determined using MATLAB, and axes of the same orientation were projected
onto the centroids of both the medial and lateral tibial compartments. The
ROI of each compartment was then deﬁned as the area 20% of the overall
anterioreposterior length and 15% of the overall medialelateral width from
the centroid [Fig. 2(d)]. The mean thickness of each cartilage patch was
calculated with a closest point algorithm using MATLAB.
The same procedures were used to identify the corresponding ROIs on
the tibial and femoral cartilage models obtained from the laser scanning pro-
cess described above.EX VIVO ASSESSMENTOne freshefrozen human cadaver knee (54-year-old female) was used to
evaluate both the accuracy and reliability of the manual and LiveWire
segmentation methods. The specimen showed no evidence of knee injury
or cartilage damage upon visual inspection. It was imaged seven times using
the T1-weighted WE-3D FLASH sequence. Between each scan, the knee
was removed from the coil, ﬂexed and extended 20 times, and reinserted
into the coil. The resulting images were segmented and reconstructed using
both methods described above. After MRI was complete, the joint was disar-
ticulated, and the distal femur and proximal tibia were assessed using the
described 3D laser scanning method.IN VIVO ASSESSMENTThe knee of a healthy volunteer (23-year-old female) was also scanned
seven times. Between each scan, the subject exited the scanner, walked
around the facility for 5 min, and then re-entered the scanner for the next
scan. The MR scans were segmented and reconstructed using both methods
described above.STATISTICAL ANALYSESThe reliability of each technique (Aim 1) was established by calculating the
CVs for the ex vivo and in vivo experiments. To assess the accuracy of both
segmentation methods, two-way analyses of variance (ANOVA) (factors:
method and trials) were performed to compare the mean thickness values
of the two segmentation methods with those obtained from the laser scanner,
and with each other. Each ROI was analyzed in a separate ANOVA.ResultsRELIABILITY (AIM 1)The reliability of each segmentation method was as-
sessed both ex vivo and in vivo by determining the CV
(%) for each ROI (M1-3, L1-3, MT, and LT) over the seven
repeated MR scans (Table I). The cadaver specimen
showed mean CVs across all ROIs of 4.16%, 3.02%, and
1.59% for manual segmentation, LiveWire segmentation,
and laser scanning, respectively.
In vivo, the mean CVs across all ROIs were 2.71% and
3.65% for manual and LiveWire segmentation, respectively
(Table I).
Table I
CVs (%) for each specimen, method, and ROI
Specimen Method Femur Tibia
M1 M2 M3 L1 L2 L3 MT LT
Cadaver Manual 4.83 3.35 4.78 3.70 4.41 6.82 2.43 2.93
LiveWire 3.66 4.72 3.00 2.73 2.16 3.48 2.15 2.23
Laser 1.00 1.27 2.48 0.75 1.86 1.10 1.52 2.74
Volunteer Manual 2.89 0.81 1.33 3.74 3.03 3.95 4.23 1.68
LiveWire 1.59 1.48 5.45 5.80 3.84 6.43 2.54 2.08
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sessed ex vivo by comparing mean ROI thicknesses to
laser scanning results (Fig. 3). The mean absolute error
across all ROIs between manual segmentation and laser
scanning was 4.07% (5.35% over six femoral ROIs;
0.22% over two tibial ROIs), while this error between Live-
Wire segmentation and laser scanning was 7.46% (8.93%
over six femoral ROIs; 3.06% over two tibial ROIs). With
the exception of MT, there were signiﬁcant differences in
thickness values in each ROI measured ex vivo between
LiveWire and manual segmentation (P< 0.02). Thickness
values obtained from LiveWire segmentation consistently
underestimated those obtained by manual segmentation
and laser scanning (Fig. 3). The region MT showed no sig-
niﬁcant differences between manual segmentation, Live-
Wire segmentation, or laser scanning (P¼ 0.11). The
regions M1, M2, and L1 showed signiﬁcant differences in
thickness measurements between LiveWire segmentation
and laser scanning (P< 0.001), whereas regions M3, L2,
L3, and LT did not (P> 0.08). Similarly, the regions M2,
M3, and L2 showed signiﬁcant differences in thickness
measurements between manual segmentation and laser
scanning (P< 0.025), whereas regions M1, L1, L3, and
LT did not (P> 0.11).
In vivo, each ROI over seven trials showed signiﬁcantly
different thickness measurements between the two segmen-
tation methods (P< 0.011). LiveWire segmentation consis-
tently underestimated manual segmentation. When pooled
across the femoral ROIs, manual and LiveWire segmenta-
tions produced mean thickness values of 2.33(0.024) mm
and 2.04(0.034) mm, respectively. Similarly, when pooled
across the tibial ROIs, the manual and LiveWire segmenta-
tions produced mean values of 2.81(0.061) mm and
2.47(0.041) mm, respectively.Discussion
Both the LiveWire and manual segmentation techniques
were repeatable for analyzing TF articular cartilage thick-
ness. The segmentation-based thickness measurements
each had mean CVs of less than 4.17%, both ex vivo and
in vivo, in the deﬁned ROIs over seven trials (Aim 1). Sim-
ilarly, laser scanning thickness measurements had a mean
CV of 1.59% over seven trials, suggesting that this method
is an acceptable gold standard for the evaluation of
segmentation-based cartilage thickness measurements. In
vivo, the mean CVs across all ROIs were 2.71% and
3.65% for manual and LiveWire segmentation, respectively.
When the accuracy of each segmentation technique was
assessed, the mean absolute error between manual seg-
mentation and laser scanning was 4.07% (5.35% over the
femoral ROIs; 0.22% over the tibial ROIs), while the meanabsolute error between LiveWire segmentation and laser
scanning was 7.46% (8.93% over the femoral ROIs;
3.06% over the tibial ROIs) (Aim 2). These results indicate
that although each method is repeatable, TF cartilage thick-
ness measurements based upon manual segmentation
more closely approximate true cartilage thicknesses than
do those based upon LiveWire segmentation.
While there are several possible explanations for the gen-
erally lower CVs seen in vivo, it is likely that a living knee
has higher water content than does a cadaver knee, and
therefore provides greater articular cartilage contrast on
MRI. Differences in age and tissue ﬁxation between the
cadaveric and living specimens may also explain the noted
results. Similarly, there are several possible explanations
for the much lower absolute errors seen in the tibial ROIs
when compared to the femoral ROIs. The femoral cartilage
is curved, and therefore is not consistently orthogonal to the
long axis of the magnetic ﬁeld when compared to the rela-
tively ﬂat tibia. The curved femoral cartilage is prone to
more error due to partial volume effects, as well as other
MRI and voxel reconstruction phenomena. In addition, tibial
cartilage, in both compartments, is generally thicker than
femoral cartilage. Because the mean tibial thickness is
greater, the error value will translate to a smaller percent
error than in the femur. When combined, these explanations
may account for the lower absolute errors seen in the tibia.
LiveWire thickness measurements consistently underes-
timated those made with manual segmentation and laser
scanning. This underestimation suggests a systematic error
in the calculation of cartilage thickness with LiveWire. It is
feasible, therefore, that this error may be reduced by sys-
tematically adjusting the cartilage thickness values obtained
from LiveWire segmentation, thereby improving the accu-
racy of LiveWire-based cartilage thickness measurements.
There are many possible explanations for this segmentation
bias; one is that each method uses a slightly different inter-
polation algorithm when creating segmentation-based 3D
models. Second, the process of reconstructing a 3D model
from LiveWire segmentation requires several steps of man-
ual user input, including the repair of any errors associated
with the ‘‘wrapping’’ of the triangular mesh, and therefore
allows some room for variability. The 3D model reconstruc-
tion process associated with manual segmentation, how-
ever, is automated. Therefore, the source of error may be
in the reconstruction process, rather than in segmentation.
Although this represents a limitation of the LiveWire method
in its current form, its 3D modeling process could be
adjusted and streamlined in the future.
Despite the apparently systematic error associated with
LiveWire, the method has several inherent advantages
over manual segmentation. LiveWire segmentation is faster
than manual segmentation, which is tedious and time-
consuming; manual segmentation of one set of images
may take up to 2 h. Because LiveWire employs an algorithm
Fig. 3. Ex vivo mean cartilage thickness values (mm) for (a) femoral
and (b) tibial ROIs assessed with each technique. Signiﬁcant differ-
ences between laser scanning and manual segmentation, and be-
tween laser scanning and LiveWire, are denoted with *P< 0.05 and
#P< 0.01. Signiﬁcant differences between LiveWire and manual
segmentation are not shown.
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automated segmentation techniques, it is less likely to
become trapped in local minima. As previously mentioned,
LiveWire was programmed for our purposes to work in con-
cert with manual segmentation when a local defect was en-
countered in which the segmentation was not clear. This
feature was employed only when LiveWire could not ﬁnd
an appropriate boundary. Thus, the option to switch to man-
ual segmentation when necessary allowed the user to
capture features of the articular cartilage that the primary
semi-automated segmentation approach might have ex-
cluded, while still decreasing segmentation time. Although
it is not certain whether this feature would be an advantage
for segmenting knees with generalized chondral defects, we
would hypothesize that the addition of the manual segmen-
tation option to the semi-automated algorithm would remain
an advantage for such knees, especially since these knees
are often more challenging to segment than healthy knees.After examining the results of the present study, we qual-
itatively evaluated the differences betweenmanual and Live-
Wire segmentation by overlaying representative contours of
each method onto their respective MR image slices. We saw
that while LiveWire seemed tomore closely approximate car-
tilage boundaries toward the extreme edges of the tibial and
femoral cartilage, manual segmentation appeared to provide
a closer approximation in regions of low contrast and
cartilage contact. Manual segmentation results may have
appeared more favorable in the present study because the
ROIs examined were focused upon load-bearing cartilage
areas, rather than the edges of the cartilage structures. Ad-
ditionally, it may be possible that the differences in thickness
seen in the varying weight-bearing regions may have been
due simply to the fact that some regions have greater aver-
age thickness values than others. In regions with greater av-
erage thickness, such as L2 and LT, a small difference in
thickness between segmentation methods, although valid,
may not be statistically signiﬁcant, because the percent dif-
ference is relatively small. Similarly, in regions with small av-
erage thickness values, such as M1 and L1, a small
difference in thickness may be statistically signiﬁcant be-
cause the percent difference is relatively large. Because
LiveWire appears to be more effective in some areas of the
knee joint, while manual segmentation is better in others,
some efﬁcient combination of both methods, similar to the
program employed in this study, may provide the best results
while still offering decreased segmentation time.
The ROIs examined in the present study were chosen to
represent the weight-bearing regions of the femur and tibia.
Because qMRI is useful for tracking the onset and progres-
sion of early OA, it seems practical to focus on thickness
changes in weight-bearing regions.
A ‘‘fully’’ automated segmentation technique has recently
been reported13,28,43. This method, however, requires the
use of manual segmentation to ‘‘teach’’ the software to
properly segment cartilage. These methods have, thus far,
only been applied to healthy joints; their success on joints
with varying degrees of OA progression remains unknown,
and the evaluations have only been performed using low-
ﬁeld (0.18 T) MRI.
In 2005, Koo et al. published a study evaluating knee car-
tilage thickness with segmented MR images31. In that study,
Koo et al. used a semi-automated B-Spline snakes segmen-
tation method to measure cartilage thickness in six femoral
ROIs ex vivo and in vivo. The ex vivo specimens were por-
cine, and were evaluated with both MRI segmentation and
3D laser scanning, similar to the evaluation described in
the present study. Koo et al. reported in vivo intra-observer
femoral thickness measurement CVs of 2e3%, which are
comparable to the values reported in the current study.
For one in vivo specimen that was scanned twice, Koo
reported variability of approximately 4% of the total cartilage
thickness in weight-bearing regions. Although the ROIs
deﬁned by Koo et al. were slightly different than those
described in the present study, the results were comparable
in terms of accuracy and reliability. Although Koo et al.
reported some tibial thickness data, the details concerning
these measurements were not speciﬁed.
The present study has some limitations. The accuracy
assessment (Aim 2) of MRI-based cartilage thickness mea-
surements assumes that laser scanning is the gold stan-
dard. A preliminary validation study showed laser
scanning thickness measurements of phantom articular car-
tilage to be within 4.5% and 3.6% of caliper-based thick-
ness measurements for the femoral and tibial cartilage,
respectively. Although it is difﬁcult to determine the true
1172 M. E. Bowers et al.: LiveWire segmentation of knee cartilagecartilage thickness of a cadaver specimen, our laser scan-
ning method showed a mean CV of 1.59% for all ROIs
over seven trials, indicating that the method was reliable.
Additionally, the ex vivo MR images used within this study
were not affected by motion or blood ﬂow artifacts; for this
reason, we also tested the reliability of both segmentation
methods in vivo. Finally, due largely to the amount of
time required for acquiring and processing the laser scan
data, this study includes a limited number of samples (two
kneesdone cadaver, one volunteerdeach scanned seven
times). Even with this number of samples, however, we
were able to detect statistically signiﬁcant differences in ar-
ticular cartilage thickness measurements between methods.
It is important to note that the purpose of this study was to
compare the reliability of two separate methods of articular
cartilage segmentation; therefore, knees of different stages
of OA, focal and generalized chondral defects, and different
ages and genders were not evaluated. The ex vivo and in
vivo specimens scanned multiple times allowed for evalua-
tion of variability due to each segmentation method, without
the complication of examining knees in various conditions.
In conclusion, manual segmentation, LiveWire segmenta-
tion, and laser scanning are repeatablemethods for quantify-
ing TF articular cartilage thickness. However, the thickness
measurements appear to be technique-dependent. Assum-
ing that the laser scanningmethod is an appropriate standard
for comparison,manual segmentation provided amore accu-
rate measurement of cartilage thickness in load-bearing
regions of the TF joint.Conﬂict of interest
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